This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. 
| INTRODUC TI ON
The management of stroke prevention in atrial fibrillation has been improved with the introduction of direct-acting oral anticoagulants 1,2 ; however, as with all anticoagulants, direct-acting oral anticoagulant use is associated with an increased risk of bleeding.
3
There is therefore a need for reversal agents for bleed management.
Idarucizumab is a humanized monoclonal antibody fragment that specifically inhibits the anticoagulant effect of dabigatran and has been approved for use in adults. 4, 5 Idarucizumab reverses the treatment effects of dabigatran and provides an option for patient management during rare emergency sit-
uations. Results from the Reversal Effects of Idarucizumab on Active
Dabigatran (RE-VERSE AD) study confirmed the rapid and complete reversal of the effects of dabigatran anticoagulation by idarucizumab in patients with life-threatening or uncontrolled bleeding, or in those requiring urgent surgery. 6 The pharmacokinetics (PK) were not described.
The PK of idarucizumab has been evaluated in phase I trials in healthy volunteers, and in elderly and renally impaired (RI) subjects. 7, 8 In these trials, idarucizumab infusion following dabigatran administration reduced the unbound and active dabigatran concentrations to the lower limit of quantification (1 ng/mL). 7 The PK of idarucizumab was shown to be unaffected by age in older otherwise healthy subjects. However, impaired renal function in these subjects resulted in decreased idarucizumab clearance (normal: 47.1 mL/min vs mild RI: 32.8 mL/min vs moderate RI: 25.7 mL/min) and prolonged initial half-life (up to 49%). Consequently, total exposure to idarucizumab increased up to 84%. 8 In phase I studies, based on antidrug antibody (ADA) detection, there was a modest immunogenic effect of idarucizumab with no detectable effect of pre-existing ADA on the PK of idarucizumab or its pharmacologic effect.
9
Here we describe the PK of idarucizumab and unbound dabigatran in patients from the RE-VERSE AD study patient cohort, and investigate the effect of patient characteristics on the PK and pharmacodynamics (PD) of idarucizumab. We have also evaluated ADA formation in the target patient population.
| ME THODS

| Study design and participants
The study design, study treatment, and idarucizumab dose selection have been explained in detail elsewhere. 5, 6 Briefly, RE-VERSE AD was a multicenter, prospective, open-label study that included patients aged ≥18 years who presented with uncontrolled or life-threatening bleeding (group A) or who were required to undergo surgery or other invasive procedures with a risk of bleeding (group B) that could not be delayed for ≥8 hours. All patients received 5 g of intravenous idarucizumab administered as two 50-mL bolus infusions each containing 
| Procedures
The PK and PD assessments were performed as described by Pollack et al. 6 Briefly, blood samples for PK and PD assessments were obtained at baseline, after the first infusion of idarucizumab, and between 10 and 30 minutes and at 1, 2, 4, 12, and 24 hours after the second infusion. was done using validated assays at Menal GmbH (Emmendingen, Germany) 10 ; concentrations of idarucizumab as well as unbound and total dabigatran were estimated at a central laboratory as described previously. 6, 8 Unbound dabigatran was defined as the fraction of dabigatran that was neither bound to idarucizumab nor plasma proteins, and which is an approximate measure of pharmacologically active dabigatran. Total dabigatran was defined as bound and unbound dabigatran.
Both total and unbound dabigatran included the active metabolites in plasma. Idarucizumab PK parameters were determined by noncompartmental analysis using Phoenix WinNonlin. The area under the curve between 0 and 24 hours (AUC 0-24 ) was only calculated if the concentration measurement at 24 hours, as well as at least one of the two measurements at planned time-4 and 12 hours-was available. The maximum concentration (C max ) and the time from the start of the infusion to achieve maximum concentration were only determined if all values at the planned times of 20 minutes (ie, between 10 and 30 minutes), 1 and 2 hours after the end of the second infusion were available. Unbound dabigatran concentrations determined as "below the limit of quantification" were replaced by a value of 1 ng/mL, reflecting the value of the lower limit of quantification. The dabigatran concentrations are represented in ng/mL to allow comparison with historical data. Idarucizumab concentrations are reported in nmol/L.
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Essentials
• Idarucizumab PK has been described in healthy volunteers, elderly and renally impaired subjects.
• PK of idarucizumab and its target dabigatran was assessed in patients.
• Hepatic function and ADAs had no impact on idarucizumab PK; but renal impairment altered the PK.
• Idarucizumab/dabigatran PK in patients is similar to healthy volunteers.
Renal function category based on creatinine clearance (CrCl) was calculated by using the Cockcroft-Gault formula and the following cutoffs:
normal, CrCl ≥80 mL/min, mild RI, CrCl ≥50 to <80 mL/min, moderate RI, CrCl ≥30 to <50 mL/min and severe RI, CrCl <30 mL/min. For assessment of liver function, the frequency of patients with elevated aspartate transaminase and alanine transaminase or bilirubin was tabulated.
| Outcomes
The concentrations of idarucizumab as well as unbound dabigatran
were assessed at prespecified time points. For total dabigatran, concentration before first idarucizumab administration was determined.
| Anti-idarucizumab antibodies
Samples to determine the presence of ADAs against idarucizumab were taken at baseline (before administration), on days 30 and 90 after idarucizumab administration. ADAs were detected in human plasma samples by a validated bridging electrochemiluminescence method (Covance Laboratories Inc., Chantilly, Virginia), as described elsewhere. 9 The specificities of the ADA for different idarucizumab epitopes were assessed in a competitive-format electrochemiluminescence assay. Two molecules were used: a full- 
| Statistical analysis
The PK analyses were summarized descriptively (geometric mean
[gMean], unless otherwise stated). The relationship between plasma concentration of unbound dabigatran and its active metabolites and clotting variables are described by linear regression modeling.
| RE SULTS
| PK of idarucizumab
| By patient group
The plasma concentration-time profile of idarucizumab was similar between bleeding (group A) and surgical (group B) patients. After 
| By renal impairment
The concentration-time profile of idarucizumab in patients by renal function is illustrated in Figure 1B . RI affected the PK of idarucizumab. The AUC 0-24 and C max of idarucizumab were increased by 38% and 20% in mild RI patients (CrCl 50 to <80 mL/min); 90% and 29% in moderate (CrCl 30 to <50 mL/min); and 146% and 33% in severe (CrCl <30 mL/min) RI patients when compared with patients with normal renal function ( Table 1) .
| By hepatic impairment
Hepatic impairment did not relevantly affect the PK of idarucizumab ( Figure 1C ).
| By region
There was no difference in the PK of idarucizumab between the patients from various geographic regions ( Figure 1D ).
| Total and unbound dabigatran
| Overall total and unbound dabigatran at baseline
There was a high interindividual variability for exposure of total dabigatran and corresponding unbound dabigatran (reflective of the variable disease states, renal function, dabigatran dose, and timing of the last dose of dabigatran before measurement).
The median (range) concentrations were 139 (5.45-3600) ng/mL and 92.6 (1.0-2880) ng/mL, for total and unbound dabigatran, respectively. Among 21 patients whose baseline total dabigatran concentration was ≥1000 ng/mL, 15 patients had severe RI.
| By patient group
The concentrations of total and unbound dabigatran before idarucizumab treatment (baseline) did not differ between group A and group B patients. The total dabigatran levels were 165 ng/mL vs 110 ng/mL and unbound dabigatran levels were 103 ng/mL vs 69.5 ng/mL, in group A vs B, respectively (Table 2 ). In both patient groups, idarucizumab administration resulted in an immediate decrease in the concentration of unbound dabigatran to the lower limit of quantification; the gMean concentrations remained <20 ng/mL for the 24-hour observation period (Figure 2A ).
| By renal impairment
At baseline, the plasma concentrations of total and unbound dabigatran were higher in patients with RI when compared with patients with normal renal function (Table 3) . However, idarucizumab administration decreased the concentration of unbound dabigatran in patients with various degrees of RI; the gMean concentrations remained <20 ng/mL for the 24-hour observation period, except for the severe renal impairment group in which a slight increase above 20 ng/mL was observed 24 hours after idarucizumab ( Figure 2B ).
| By hepatic impairment
Hepatic impairment (defined as ALT/AST 1 -<2 × ULN; 2 -<3 × ULN; ≥3 × ULN) did not relevantly alter the effect of idarucizumab administration on the PK of dabigatran ( Figure 2C ).
| By region
Idarucizumab administration resulted in an immediate decrease in the concentration of unbound dabigatran in patients, irrespective of region ( Figure 2D ).
| Correlation between plasma concentration of unbound dabigatran and coagulation parameters
The relationship between unbound dabigatran plasma concentration and the primary coagulation tests, dTT and ECT, was explored. A close linear correlation was observed for both markers in the concentration range up to ~700 ng/mL unbound dabigatran ( Figure 3A , B). Abbreviations: AUC 0-24 , area under the concentration-time curve from 0 to 24 hours postdose; C max , maximum plasma concentration; CrCl, creatinine clearance; gCV%, geometric coefficient of variation; gMean, geometric mean.
TA B L E 1 Pharmacokinetic parameters of idarucizumab following administration of idarucizumab in patients with renal impairment
| Timing and magnitude of recurrence of unbound dabigatran concentrations
The timing of recurrence appeared to depend upon baseline unbound dabigatran levels, with higher concentrations (≥1000 ng/mL) related to earlier recurrence. The magnitude of recurrence appeared to be associated with both elevated baseline unbound dabigatran concentrations and impaired renal function. Of 16 patients with recurrence up to 4 hours after idarucizumab treatment, all had higher baseline unbound dabigatran concentrations >640 ng/mL and 14
had CrCl <40 mL/min. TA B L E 2 Plasma concentrations of total and unbound dabigatran at baseline (Table 4) .
| Anti-idarucizumab antibodies
| Pre-existing ADAs
For most cases (n = 17), ADAs were directed against the C-terminus epitope; for two patients, there was a switch or mixed specificity.
| Treatment-emergent ADAs
Nine of 501 patients (1.8%) had a treatment-emergent ADA response. The response was possibly persistent in eight patients and transient in one patient who tested positive only at the 30-day follow-up visit, but not at the 90-day visit (Table 5 ).
| Effect of ADAs on the PK/PD of idarucizumab
Anti-idarucizumab antibodies had no apparent effect on the PK or PD of idarucizumab; individual plasma concentrations of idarucizumab, dabigatran, and coagulation times of ADA-positive patients were generally within the 95th percentile of the overall population.
| D ISCUSS I ON
The results of the present study are consistent with the idarucizumab PK in phase I and confirm that patient characteristics such as type (bleeding or surgical), geographic region, or presence of hepatic impairment have no impact on the PK of idarucizumab and its target dabigatran. Consistent with earlier findings, RI altered the PK of idarucizumab. 8 ADAs were detected in low frequency and low titers; however, these had no effect on the PK or PD of idarucizumab.
9
The PK profile of idarucizumab showed a similar pattern in patients from both bleeding and surgical cohorts. The observed idarucizumab plasma concentration-time profiles were consistent with the findings in phase I studies of healthy volunteers, elderly volunteers, and volunteers with mild or moderate RI.
7,8
Renal impairment was the major factor that had an effect on the PK of idarucizumab, whereby idarucizumab AUC increased with severity of RI. The effect was less pronounced for C max , because C max after a single intravenous infusion is not expected to be substantially affected by the clearance. These findings are consistent with the earlier observations from a phase I study in RI subjects. 8 An at least equimolar (1:1) amount of idarucizumab is needed for complete binding and reversal of dabigatran. 7, 8 In RI, dabigatran exposure is increased because of increased half-life. 8, 11 Consequently, the increase in idarucizumab exposure with RI may contribute to the complete reversal of the anticoagulant effects of dabigatran. supports the use of idarucizumab in the emergency setting. No dose adjustment of idarucizumab is recommended in RI.
Idarucizumab has not been studied in patients with hepatic impairment. Antibody fragments are known to be eliminated mainly by proteolytic catabolism in the kidney. 4 Therefore, an effect of hepatic impairment on the PK of idarucizumab was not expected, which was confirmed by the observations from the present study. The impact of ethnicity was not assessed; however, no relevant differences were observed when idarucizumab PK was analyzed by geographical region. Additionally, age has no effect on the PK of idarucizumab as indicated by a population PK analysis that included data from 220 volunteers and 486 patients (unpublished data). This is consistent with earlier findings in volunteers that observed no impact of age on the PK of idarucizumab.
8
There was no difference in the levels of unbound dabigatran in bleeding (group A) and surgical (group B) patients. Dabigatran is primarily cleared via renal excretion. 11 Accordingly, dabigatran levels at baseline were increased in RI patients. RI had no effect on the reversal effects of idarucizumab. 6 Overall, after idarucizumab administration, unbound dabigatran levels decreased to <20 ng/mL, a level that is presumed to pro- In the RE-VERSE AD trial, the median maximum percentage reversal of dabigatran was 100%, based on either the ECT or the dTT. 6 ECT and dTT are most suited for evaluating the anticoagulant activity of dabigatran and the reversal of dabigatran's effects by idarucizumab because of their close correlation with unbound dabigatran concentration. 7 We observed a linear correlation for both ECT (R 2 = 0.8733) and dTT (R 2 = 0.8765) with unbound dabigatran levels. Despite different coagulation assays with different sensitivities, and possible variation in the quality of patients' blood samples, the scatter of individual data points around the regression line did not generally impact the assessment of the extent of reversal in patients with the highest dabigatran levels. These findings were in line with phase I results. 7, 8 Our study extends observations on immunogenicity from phase I volunteer studies 9 to patients. Both pre-existing and treatment- 
TA B L E 4 (Continued)
immune response in the very elderly may account for this. The age of patients in this study (mean, 76.6 years; median, 78 years) was substantially higher compared with the volunteers in phase I (mean, 36 years; median, 32 years). 7, 8, 12 Overall, anti-idarucizumab ADAs were detected in a small fraction (5.6%) of the investigated patient population. The observed titers were extremely low relative to the idarucizumab dosage under evaluation, consistent with a pooled analysis of phase 1 trials, 9 and pre-existing ADAs had no apparent effect on the PK/PD of idarucizumab.
| CON CLUS IONS
Exposure to idarucizumab and its target dabigatran was increased in RI patients, whereas hepatic impairment and geographical region had no relevant effect on PK. Administering idarucizumab led to an immediate decrease in the concentration of unbound dabigatran to <20 ng/mL. There was a linear correlation between plasma concentration of unbound dabigatran and ECT and dTT assays. Pre-existing ADAs were detected in 3.8% of patients; most of these were C-terminus specific. Treatment-emergent ADAs were detected in 1.8% of patients. The observed titers of pre-existing and treatment-emergent ADAs were low and the presence of ADAs had no effect on the PK or PD of idarucizumab.
In the target patient population, the observed idarucizumab plasma concentration-time profiles, as well as its effects on dabigatran PK, were consistent with observations in phase I studies of healthy volunteers, the elderly, and volunteers with mild or moderate RI.
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